Abstract Tight junctions (TJ) and adherens junctions (AJ) are key morphological features of differentiated epithelial cells that regulate the integrity and permeability of tissue barriers. Structure and remodeling of epithelial junctions depends on their association with the underlying actomyosin cytoskeleton. Anillin is a unique scaffolding protein interacting with different cytoskeletal components, including actin filaments and myosin motors. Its role in the regulation of mammalian epithelial junctions remains unexplored. Downregulation of anillin expression in human prostate, colonic, and lung epithelial cells triggered AJ and TJ disassembly without altering the expression of junctional proteins. This junctional disassembly was accompanied by dramatic disorganization of the perijunctional actomyosin belt; while the general architecture of the actin cytoskeleton, and activation status of non-muscle myosin II, remained unchanged. Furthermore, loss of anillin disrupted the adducin-spectrin membrane skeleton at the areas of cell-cell contact, selectively decreased cadducin expression, and induced cytoplasmic aggregation of aII-spectrin. Anillin knockdown activated c-Jun N-terminal kinase (JNK), and JNK inhibition restored AJ and TJ integrity and cytoskeletal organization in anillin-depleted cells. These findings suggest a novel role for anillin in regulating intercellular adhesion in model human epithelia by mechanisms involving the suppression of JNK activity and controlling the assembly of the perijunctional cytoskeleton.
Introduction
Among the most important functions of epithelial cells is the formation of tissue barriers that protect internal organs from the noxious environment, along with generating their unique architecture and chemical composition [1] [2] [3] . The integrity and barrier properties of epithelial layers are regulated by intercellular junctions that represent multiprotein complexes assembled at the plasma membrane of contacting cells [4, 5] . Well-differentiated epithelial cells form several types of junctions; among them, adherens junctions (AJ) and tight junctions (TJ) are the major determinants of epithelial integrity and permeability [1, [6] [7] [8] [9] [10] . The structure and functions of AJ and TJ are regulated by different mechanisms, including cytoskeletal rearrangements and vesicle trafficking [2, [11] [12] [13] [14] [15] . The actin cytoskeleton is known to be especially important in preserving the integrity and mediating the remodeling of epithelial junctions. Indeed, one of the most characteristic F-actin structures of polarized epithelial cells is a circumferential belt that is closely associated with AJ [16, 17] . Likewise, TJ appear to be connected with an elaborate D. Wang and G. K. Chadha contributed equally to the paper.
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& Andrei I. Ivanov aivanov2@vcu.edu network of apical F-actin bundles [18] . The actin cytoskeleton plays several major functions at epithelial junctions [12, [19] [20] [21] . It clusters and stabilizes nascent adhesive contacts, thereby mediating their transformation into large multiprotein ensembles. It also limits intramembrane mobility of junctional proteins and prevents their endocytosis from the plasma membrane. This activity increases the strength of intercellular adhesions and tightens the epithelial barrier. Furthermore, junction-associated F-actin senses and transduces mechanical forces, thus orchestrating responses of multiple cells within the epithelial layer. This feature is critical for epithelial morphogenesis and wound healing. Finally, F-actin remodeling serves as a driver of junctional disassembly and reassembly, thereby mediating epithelial plasticity. The actin cytoskeleton is the subject of complex regulation involving a large number of structural, scaffolding, and signaling molecules [22, 23] . They include proteins that drive actin filament turnover, myosin motors, small GTPases, kinases, and phosphatases. Many of these proteins are known to affect AJ/TJ structure and permeability by controlling the assembly and the dynamics of junctionassociated actin filaments [19, [24] [25] [26] .
Anillin is a multifunctional scaffolding protein that regulates different cytoskeletal structures during specific stages of the cell cycle [27] [28] [29] . Anillin directly binds to actin filaments and induces filament bundling [30, 31] . It also interacts with non-muscle myosin (NM) II and controls localization and activity of NM II in contractile rings [32] [33] [34] . Finally, anillin is capable of activating Rho A and recruiting this small GTPase to actomyosin bundles [33, 35] . Anillin plays a prominent role in cytokinesis by regulating cleavage furrow positioning and ingression during the separation of a dividing cell into daughter cells [27] [28] [29] . It is also involved in the transformation of the cellular cortex during early developmental events such as cellularization and polar body emission [30, 32, 36] . However, little is known about anillin's function outside cell division. Interestingly, recent reports have implicated this scaffolding protein in the regulation of extracellular matrix adhesion and intercellular junctions. Thus, a missense point mutation of anillin was identified as a cause of a genetic kidney disorder, focal segmental glomerulosclerosis, which is characterized by defects in podosomal matrix adhesions [37] . Furthermore, a genome-wide genetic screen identified anillin as one of the regulators of cadherin-mediated cell-cell adhesion in Drosophila [38] . Finally, knockdown of anillin resulted in abnormal AJ and TJ structure in Xenopus embryos [39] . However, it remains unknown whether or not anillin is essential for the stability and remodeling of intercellular contacts in mammalian tissues. The present study was designed to address this question, by investigating the roles of anillin in regulating AJ and TJ structure in model human epithelial monolayers.
Materials and methods

Antibodies and other reagents
The following primary monoclonal (mAb) and polyclonal (pAb) antibodies were used to detect cytoskeletal, junctional, and signaling proteins: anti-anillin (A301-405A and A301-406A) and MgcRacGAP pAbs (Bethyl Laboratories, Montgomery, TX); anti-anillin pAb (Bioss, Woburn, MA); anti-p120-catenin, E-cadherin, aII-spectrin, and bII-spectrin mAbs (BD Biosciences; San Jose, CA); anti-NM IIA, NM IIB, and NM IIC pAbs (Covance; Princeton, NJ); antitotal regulatory myosin light chain (RMLC), monophosphorylated (p), diphosphorylated (pp) RMLC, JNK, p-JNK, ERK1/2, p-ERK1/2, p38 and p-p38 Abs (Cell Signaling Technology; Danvers, MA); anti-ZO-1 and JAM-A pAbs (Invitrogen; Carslbad, CA); anti-cadherin-6 and anti-total actin (clone C4) mAbs (EMD Millipore; Billerica, MA); anti-b-catenin pAb, anti-vinculin, a-tubulin and acetyltubulin mAbs (Sigma-Aldrich; St. Louis, MO); anti-acatenin mAb (Abcam; Cambridge, MA); anti-a-adducin, p-adducin, CD2AP and Ect2 pAbs, and anti-c-adducin mAb (E-1) (Santa Cruz; Dallas, TX). Anti-JAM-A monoclonal antibody was previously described [40] . Alexa Fluor-488-conjugated donkey anti-rabbit and Alexa Fluor-555-conjugated donkey anti-mouse secondary antibodies and Alexa Fluor-488 and 555-labeled phalloidin were obtained from Invitrogen. Horseradish peroxidase-conjugated goat anti-rabbit and anti-mouse secondary antibodies were acquired from Bio-Rad Laboratories. Y-27632 and SP600125 were purchased from EMD Millipore. All other chemicals were obtained from Sigma-Aldrich.
Cell culture
DU145 human prostate epithelial cells and A549 human lung epithelial cells were acquired from American Type Culture Collection (Manassas, VA). SK-CO15 human colonic epithelial cells were provided by Dr. Enrique Rodriguez-Boulan (Cornell University). DU145 cells were cultured in RPMI medium supplemented with 10 % fetal bovine serum, 15 % HEPES, pyruvate, and antibiotics. A549 and SK-CO15 cells were cultured in DMEM/F12 and DMEM medium, respectively, supplemented with 10 % fetal bovine serum and antibiotics. The cells were grown in T75 flasks (BD Biosciences), and were seeded on collagencoated coverslips or 6-well plastic plates for immunolabeling and biochemical experiments, respectively.
RNA interference and plasmid expression
Downregulation of anillin expression was carried out using individual small-interfering (si)RNA duplexes 1 (GGAGA UGGAUCAAGCAUUA) and 3 (GGAUAAAUCUGGCU AAUUG) obtained from Dharmacon (Lafayette, CO) or Stealth siRNA duplexes 93 (HSS122893) and 97 (HSS182497) obtained from Invitrogen. Dharmacon nontargeting siRNA duplex 2 and Invitrogen non-coding low GC content duplex 1 were used as appropriate controls. Knockdown of c-adducin was achieved using siRNA SmartPool (Dharmacon). Cells were transfected using DharmaFect 1 transfection reagent (Dharmacon) with a final siRNA concentration of 50 nM, as described previously [41, 42] . For knockdown/overexpression experiments, DU145 cells plated on coverslips were transfected with either control or anillin-specific siRNAs and 24 h later, were subjected to a second round of transfection with either GFP-c-adducin plasmid (gift from Dr. Y. Peng Loh, Eunice Kennedy Shriver National Institute of Child Health, Bethesda, MD [43] ), or a control GFP plasmid (gift from Dr. Andrei Budanov, VCU, Richmond, VA). The plasmid transfection was carried out using a TransITProstate transfection kit (Mirus Bio, Madison, WI) according to the manufacturer's instructions. The cells were examined 3 days after the second transfection.
Immunoblotting
Cells were homogenized in RIPA lysis buffer (20 mM Tris, 50 mM NaCl, 2 mM EDTA, 2 mM EGTA, 1 % sodium deoxycholate, 1 % Triton X-100 and 0.1 % SDS; pH 7.4), containing protease inhibitor cocktail (1:100; Sigma), phosphatase inhibitor cocktails 2 and 3 (each at 1:200; Sigma-Aldrich), and Pefabloc SC (Roche Diagnostics; Mannheim, Germany). Lysates were cleared by centrifugation (14,000g for 20 min), diluted twofold with 29 SDS Laemmli buffer, and boiled for 6 min. SDS-polyacrylamide gel electrophoresis was conducted using standard protocols with an equal amount of total protein per lane (10-20 lg), followed by immunoblotting on nitrocellulose membrane. Protein expression was quantified via densitometry using ImageJ software (National Institute of Health, Bethesda MD). Data are presented as normalized values using expression values in control siRNA-treated groups defined as 100 %.
Quantitative RT-PCR
Total RNA was isolated using the RNeasy mini kit (QIA-GEN, Valencia CA) followed by DNase treatment to remove genomic DNA. Total RNA (1 lg) was reverse transcribed using the iScript cDNA synthesis kit (Bio-Rad Laboratories, Hercules, CA). Quantitative real-time PCR was performed using iTaq Universal SYBR Green Supermix (Bio-Rad Laboratories) and 7900HT Fast Real-time PCR System (Applied Biosystems; Foster City, CA). The following primers were used: human-glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (NM_002046.5), forward-CATGTTCGTCATGGGTGTGAACCA, reverse-AGTGATGGCATGGACTGTGGTCAT; a-adducin (NM_ 176801.1), forward-TCTGGGCTACAGAACTGGCT, reverse-TCTTCGACTTGGGACTGCTT; b-adducin (NM_ 017484.2), forward-TTCCCCTGTGATCTTGGGTGCCG GT, reverse-AGTGCCCACAGGGGCCATCAGACAT; c-adducin (NM_016824.3), forward-CACCTCCTCTCAG TCTTGGC, reverse-GCTGTTGCAAGGGTATGGAT. Primers were designed to amplify all known transcript variants of adducin isoforms. GAPDH was quantified as a stably expressed reference gene. Expression of adducins was normalized to GAPDH, which served as an internal control for calibrating the quantity of RNA isolated from each sample. Threshold cycle number for the gene of interest (Ct) was calculated based on the amplification curve representing a plot of the fluorescent signal intensity versus the cycle number. The relative expression of each gene was calculated using the comparative Ct method with the formula 2 -DDCt (where DCt = Ct adducin -Ct GAPDH and DDCt = DCt of anillin siRNA-transfected cells -DCt of control siRNAtransfected cells).
Immunofluorescence labeling and confocal microscopy DU145, A549, and SK-CO15 cell monolayers plated on collagen-coated coverslips were fixed in 100 % methanol for 20 min at -20°C. In order to visualize anillin, GFPc-adducin, and the actin cytoskeleton, cells were fixed with 4 % PFA and permeabilized with 0.5 % Triton X-100 at room temperature. Fixed cells were blocked for 60 min at room temperature in HEPES-buffered Hanks balanced salt solution containing 1 % bovine serum albumin. After blocking, cells were incubated with the appropriate concentrations of primary antibodies in blocking solution for 60 min. Cells were then washed and incubated with Alexa dye-conjugated secondary antibodies for 60 min, rinsed with blocking buffer, and mounted on slides with ProLong Antifade mounting reagent (Invitrogen). Labeled cell monolayers were observed using a Zeiss LSM 700 Laser Scanning Confocal Microscope (Carl Zeiss Microimaging Inc.; Thornwood; NY). The Alexa Fluor 488 and 555 signals were imaged sequentially in frame-interlace mode to eliminate cross-talk between channels. Image analysis was conducted using imaging software ZEN 2011 (Carl Zeiss Microscopy Inc.) and Adobe Photoshop. Images shown are representative of at least 3 experiments. Multiple images were captured from each slide.
Cell dissociation and permeability assays
DU145 cells seeded on 6-well plates were transfected with either control or anillin-specific siRNAs. On day 4 posttransfection, the cells were washed with PBS, scraped away from the plastic, and mechanically dissociated by pipetting 30 times as previously described [44] . The number of cell clusters (particles; Np) containing more than three cells was counted under a microscope with a hemocytometer. Afterwards, the cell particles were pelleted by centrifugation and resuspended in 0.05 % trypsin/EDTA solution to disrupt all cell aggregates. Trypsinized cells were pelleted, resuspended in cell culture medium, and counted to obtain the total cell number (Nc). The cell dissociation index was calculated and expressed as Np/Nc 9 100 %.
Transepithelial electrical resistance (TEER) of SK-CO15 cell monolayers was measured using an EVOMX voltohmmeter (World Precision Instruments, Sarasota, FL). The resistance of cell-free collagen-coated filters was subtracted from each experimental point.
Statistics
All numerical values from individual experiments were pooled and expressed as mean ± standard error of the mean (SE) throughout. Obtained numbers were compared by two-tailed Student's t test, with statistical significance assumed at p \ 0.05.
Results
Downregulation of anillin expression resulted in disassembly of epithelial junctions
In order to examine the roles of anillin in the regulation of epithelial junctions, we used RNA interference to downregulate its expression in DU145 prostate epithelial cells. Two different siRNA duplexes decreased anillin protein levels by 99 % on day 4 post-transfection (Fig. 1a) . These knockdowns significantly weakened epithelial cell-cell adhesions, as indicated by their decreased resistance to mechanic stress in the cell dissociation assay (Fig. 1b) . Immunolabeling and confocal microscopy revealed dramatic morphological changes of anillin-depleted DU145 cells characterized by a significant increase in cell size ( Fig. 1c ) and multinucleation (data not shown). The observed phenotype is consistent with previous reports of large multinuclear anillin-deficient cells in vitro and in model organisms [32, 35, 45] and reflects defective cytokinesis. Furthermore, loss of anillin resulted in marked TJ and AJ disassembly on days 3 and 4 post-siRNAtransfection. Thus, control DU145 cell monolayers were characterized by a continuous linear labeling of TJ proteins, ZO-1, JAM-A, and occludin at the areas of cell contact (Fig. 1c, arrows) . This pattern was transformed into a discontinuous, bead-like labeling pattern in anillin-depleted cells, indicating a breakdown of TJ integrity (Fig. 1c, arrowheads) . Furthermore, anillin knockdown distorted localization of AJ proteins, E-cadherin, cadherin-6, and b-catenin, at intercellular contacts, and caused these proteins to redistribute into cytoplasmic vesicles (Fig. 2,  arrowheads) . Such alterations of AJ and TJ structure were reproducibly observed in DU145 cells transfected with four different siRNA duplexes obtained from two different commercial sources (Dharmacon and Invitrogen). Importantly, anillin knockdown also triggered AJ/TJ disassembly in A549 lung epithelial cells and SK-CO15 colonic epithelial cells (Suppl. Fig. 1a, arrowheads) , and decreased TEER values in SK-CO15 cell monolayers; indicating a breakdown of the paracellular barrier (Suppl. Fig. 1b) .
Next we sought to elucidate mechanisms that mediate disruption of epithelial junctions in anillin-depleted cells by examining the expression of different junctional proteins. However, immunoblotting analysis did not reveal significant effects of anillin knockdown on the levels of key molecular constituents of AJ and TJ (Suppl. Fig. 2 ). We also asked if anillin itself is a component of epithelial junctions. In confluent DU145 (Fig. 3, arrows) , SK-CO15 (Suppl. Fig. 3 ), and A549 (data not shown) cell monolayers, anillin was predominantly localized in the nucleus and did not accumulate at intercellular junctions. We tested three different anti-anillin polyclonal antibodies that consistently demonstrated either nuclear or more diffuse nuclear/cytoplasmic labeling of this protein without significant localization at epithelial junctions (data not shown). Furthermore, siRNA-mediated depletion of anillin resulted in the disappearance of its nuclear signal (Fig. 3) , thereby validating specificity of the antibody labeling. Together this data suggests that anillin is essential for the assembly of human epithelial junctions and that it likely acts indirectly, without being enriched at the junctional complexes.
Loss of anillin disrupted the perijunctional actomyosin cytoskeleton
Since anillin is a versatile scaffolding protein interacting with different cytoskeletal structures such as actin filaments, myofibrils, and microtubules, its effects on epithelial junctions may be mediated by the cytoskeleton. To test this hypothesis, we examined the effects of anillin depletion on the architecture of filamentous (F) actin and microtubules. Control DU145 cell monolayers demonstrated a prominent circumferential F-actin belt associated with epithelial junctions (Fig. 4a, arrows) . This F-actin belt disappeared in anillin-depleted cells, where cortical actin filaments were organized into loosely packed bundles positioned in parallel to areas of cell-cell contact (Fig. 4a, arrowheads) . Unlike the actin cytoskeleton, microtubule organization and stability was unaffected by anillin depletion, as indicated by immunolabeling of either total, or stable, acetylated microtubules (Suppl. Fig. 4 ).
Given the key role of NM II in controlling the integrity of the circumferential F-actin belt [12, 26] , and the known anillin-dependent regulation of NM II function during cytokinesis [32] [33] [34] , we next analyzed the effects of anillin depletion on organization and activation of NM II. In control DU145 cells, NM II motor was associated with the perijunctional F-actin belt (Fig. 4b, arrows) . Remarkably, junctional localization of NM II was lost in anillin-depleted cell monolayers, where this motor predominantly localized at the basal stress fibers (Fig. 4b, arrowheads) . According to immunoblotting analysis, downregulation of anillin did not alter the expression of myosin heavy chain isoforms, NM IIA, IIB, and IIC (Fig. 5a, b) . Furthermore, the overall activation status of NM II was not affected as indicated by unaltered levels of either monophosphorylated of diphosphorylated regulatory myosin light chain (RMLC, Fig. 5a, b) . Interestingly, phosphorylated RMLC was enriched at intercellular junctions of control, but not anillin-depleted DU145 cells (Fig. 5c ). These results suggest that local dephosphorylation of RMLC at intercellular junctions could inactivate NM II, thereby triggering disintegration of the perijunctional actomyosin bundles and AJ/TJ disassembly. We tested this hypothesis by blocking RMLC phosphorylation with a (Fig. 5d) , and assembly of the circumferential F-actin belt (data not shown), despite inhibiting RMLC phosphorylation (Fig. 5e ). This result contradicts the potential role of NM II inactivation in the disruption of epithelial junctions following anillin knockdown.
We also investigated whether dysfunctions of CD2AP, Ect2 and MgcRacGAP, which are known anillin-binding partners and important junctional regulators [46] [47] [48] [49] [50] , are involved in the observed phenomena. Surprisingly, anillin depletion increased expression of all three proteins in DU145 cells (Suppl. Fig. 5a ). Furthermore, CD2AP, Ect2, and MgcRacGAP did not associate with epithelial junctions and demonstrated perinuclear or nuclear localization in control DU145 cell monolayers (Suppl. Fig. 5 ). Together, these results argue against the role of CD2AP, Ect2, and MgcRacGAP in the AJ and TJ disassembly caused by anillin knockdown. Anillin depletion altered the composition and architecture of the spectrin-adducin membrane skeleton
Out data suggests that loss of anillin selectively affects the cytoskeletal structures associated with areas of cell-cell contact (Figs. 4, 5) . A possible mechanism of such spatially restricted cytoskeletal disorganization may involve destabilization of actin filament interactions with the lateral plasma membrane. This idea is indirectly supported by apparently increased protrusiveness of lateral cell-cell contacts in anillin-depleted epithelial cells (Fig. 2) , as well as by reported vesiculation of the lateral membranes of anillin null Drosophila cells [32] . One of the major mechanisms linking actin filaments to the plasma membrane involves the spectrin-adducin network known as the membrane skeleton [51, 52] . Importantly, adducin and spectrin were previously implicated in remodeling of epithelial junctions [53] and the formation of the lateral plasma membrane domain in polarized epithelial cells [54] [55] [56] . Considering this data, we sought to examine the effects of anillin knockdown on the integrity and composition of the membrane skeleton. Immunoblotting analysis revealed dramatic (up to 94 %) downregulation of c-adducin protein in anillin-depleted DU145 cells (Fig. 6a) , and A549 cells (data not shown); whereas, protein levels of neither a-adducin, nor aII-and bII-spectrins were affected. This downregulation of c-adducin occurred at the transcriptional level, while mRNA expression of aand b-adducin was elevated (Fig. 6b) . Importantly, loss of anillin induced dramatic reorganization of the lateral membrane skeleton, as manifested by translocation of aadducin, aII-spectrin, and bII-spectrin from intercellular junctions to the cytoplasm (Figs. 6, 7 ; Suppl. Fig. 6 ). The most vivid redistribution was observed for aII-spectrin, which frequently assembled thick cytoplasmic bundles/ aggregates positioned in close proximity to intercellular junctions in anillin-depleted cells. Vesicles containing AJ proteins such as b-catenin accumulated behind, or were trapped within, these abnormal aII-spectrin bundles (Fig. 7, arrowheads) . Collectively, this data reveals previously unanticipated effects of anillin depletion on the assembly and protein composition of the membrane skeleton associated with epithelial junctions.
In order to elucidate whether loss of c-adducin contributes to AJ/TJ disassembly in anillin-depleted epithelia, we used RNA interference to downregulate expression of this protein in DU145 cells. Knockdown of c-adducin efficiently decreased its expression without affecting aadducin levels (Suppl. Fig. 7) . Interestingly, this knockdown recapitulated some effects of anillin deficiency by impairing AJ and TJ integrity, disrupting the perijunctional F-actin belt (Suppl. Fig. 7c ), and reducing junctional accumulation of a-adducin at intercellular contacts (data not shown). However, overexpression of c-adducin failed to restore junctional integrity in anillin-depleted DU145 cells (Suppl. Fig. 8 ). This data suggests that loss of c-adducin does not play a major role in the AJ and TJ disassembly triggered by anillin knockdown.
Activation of c-Jun N-terminal protein kinase mediates junctional disassembly in anillin-depleted epithelial cells
Finally, we sought to elucidate the signaling events that connect nuclear anillin with epithelial junctions. Specifically, we investigated the roles of mitogen-activated protein kinases (MAPK), which are modulated by signaling inputs from different cellular organelles, and are known regulators of epithelial junctions [57] [58] [59] [60] [61] [62] . Immunoblotting analysis was used to compare the expression of three major MAPK, namely c-Jun N-terminal protein kinase (JNK), extracellular signal responsive/regulated kinases (ERK) 1/2, and p38 kinase in control and anillin-depleted DU145 cells. Remarkably, the level of phosphorylated (active) JNK was substantially (up to fivefold) increased following anillin knockdown, whereas the activation status of ERK1/2 and p38 was not affected (Fig. 8a) . In order to establish a causal role of JNK activation in anillin-dependent junctional disassembly, we used a known pharmacological inhibitor of JNK, SP600125 [63] . Interestingly, 24-h incubation with this inhibitor (25 lM) reversed anillin-dependent AJ and TJ disassembly (Fig. 8b) . Moreover, JNK inhibition restored the integrity of the perijunctional actomyosin belt and junctional localization of a-adducin in anillin-depleted cells (Fig. 9) . It is of note, AJ and TJ rescue caused by JNK inhibition was not accompanied by restoration of c-adducin expression (Fig. 8c) . This provides another argument against the role of c-adducin downregulation in junctional defects of anillin-deficient epithelial cells.
Discussion
Anillin is a unique cytoskeletal scaffolding protein that plays essential roles in cell division and embryonic morphogenesis. This protein accumulates in different cellular compartments in a cell cycle-specific fashion; however, its functions in non-dividing cells remain obscure. Our study is the first to identify anillin as an essential regulator of intercellular junctions in human epithelial cell monolayers. We demonstrate that anillin depletion disrupted the normal architecture of AJ and TJ without altering expression of junctional proteins. Such impairment of epithelial junctions was associated with the disassembly of the perijunctional actomyosin belt and loss of the lateral spectrin-adducin membrane skeleton. A recent study described defects in cell-cell adhesions after anillin depletion in Xenopus embryos [39] . However, compared to Xenopus tissue, our data highlights major differences in the mechanisms of anillindependent junctional regulation in mammalian epithelia. For example, in contrast to its Xenopus ortholog, we observed that human anillin does not accumulate at intercellular junctions and remains predominantly intra-nuclear in
Control siRNA
Anillin siRNA II-spectrin -catenin Merged α β Fig. 7 Anillin depletion affects cellular distribution of aspectrin. DU145 cells were transfected with either control or anillin-specific siRNAs and subjected to dual immunolabeling for aII-spectrin (red) and b-catenin (green).
Arrows indicate localization of aII-spectrin at intercellular junctions in control cells. Arrowheads highlight accumulation of cytoplasmic aII-spectrin aggregates in anillin-depleted cells. Scale bar 20 lm interphase DU145, SK-CO15, and A549 cells (Fig. 3 , Suppl. Fig. 3 , and data not shown). This is consistent with a number of previous studies demonstrating nuclear localization of endogenous anillin in cultured mammalian cells and human tissues [34, 35, 37, 64] . In addition to nuclear localization, diffuse cytoplasmic labeling of anillin was reported in tissue sections of human small intestine, prostate, renal tubules, and salivary gland ducts [64] . A singular example of specific anillin targeting to cell-cell contacts involves its accumulation in the intercalated disc of the human myocardium [64] . This data suggests that in mammals anillin does not play a direct scaffolding role at epithelial AJ and TJ, but instead remotely regulates the integrity of junctional complexes by modulating intracellular signaling cascades.
We found that impaired organization of AJ and TJ in anillin-depleted epithelial cells was accompanied by dramatic rearrangements of the cortical F-actin cytoskeleton. This event included disassembly of the circumferential F-actin belt and loss of junction-associated NM II motor (Fig. 4) . Given the large body of evidence implicating the perijunctional actomyosin cytoskeleton in the formation of epithelial AJ and TJ [9, 11, 12, 19] , the observed cytoskeletal defects most likely mediate junctional disassembly caused by anillin knockdown. How could anillin regulate cytoskeletal structures associated with epithelial junctions? Integrity of the perijunctional F-actin belt depends on the coordinated activity of NM II motor and the actin-polymerization machinery. Previous studies suggested that anillin could be involved in these two mechanisms. For example, anillin controls localization and activity of Rho GTPase [35, 39] , which is a key mediator of RMLC phosphorylation and NM II activity. This effect of anillin is due to its known associations with upstream regulators of Rho activity, such as MgcRacGAP and Ect2 [65] [66] [67] . Consistently, manipulation of anillin expression was shown to alter levels of RMLP phosphorylation in human and Xenopus epithelia [35, 39] . However, our data conflicts with the notion that inhibition of Rho-ROCK signaling is involved in the impaired cell-cell adhesions of anillin-depleted human epithelial cells. Thus, MgcRacGAP and Ect2 did not localize at epithelial junctions in control DU145 cell monolayers, and were not depleted, but rather overexpressed following anillin knockdown (Suppl. Fig. 5 ). Furthermore, anillin depletion did not affect NM II activation, as indicated by the unaltered cellular level of phosphorylated RMLC (Fig. 5a, b) . Finally, blocking RMLC phosphorylation with ROCK inhibitor was not sufficient to trigger AJ/TJ disassembly in control DU145 cells (Fig. 5d ). An alternative mechanism of anillin-dependent regulation of the perijunctional actin cytoskeleton may involve modulation of actin filament turnover. This concept involves established anillin interactions with the F-actin capping protein, CD2AP [37] , which was previously implicated in the regulation of AJ and TJ integrity [46, 50, 68] . However, in our experimental system, CD2AP was neither enriched at normal epithelial junctions, nor downregulated by anillin knockdown (Suppl. Fig. 5 ). Hence, CD2AP is unlikely to be responsible for disintegration of the perijunctional cytoskeletal observed in anillin-depleted epithelial cells.
It is important to note that loss of anillin did not cause global cytoskeletal defects, such as general loss or disorganization of F-actin bundles. Instead, it selectively disrupted the integrity of the perijunctional actomyosin belt (Fig. 4) . The most plausible explanation for such a selective effect is that anillin depletion disrupted organization of the spectrin-adducin membrane skeleton, which is essential for correct localization and assembly of F-actin bundles at the lateral plasma membrane and intercellular junctions. Spectrin forms an elaborate polymeric network at the cytoplasmic face of the plasma membrane [51, 52] . This network enhances the lateral membrane in epithelial cells, guides assembly of cortical actin filaments, and strengthens intercellular adhesions [69, 70] . Spectrin association with actin filaments is greatly accelerated by adducin proteins, which could also regulate F-actin in a spectrin-independent fashion, due to their intrinsic F-actin bundling and capping activity [52, 71] . We observed severe disruption of the spectrin-adducin network associated with epithelial junctions in anillin-depleted epithelial cells. This disruption involved selective downregulation of c-adducin expression, translocation of a-adducin and spectrins from the plasma membrane into cytoplasmic/nuclear compartments, and formation of abnormal cytoplasmic aII-spectrin filaments (Figs. 6, 7; Suppl. Fig. 6 ). To our knowledge, this is the first evidence that implicates anillin in the regulation of the spectrin-adducin membrane skeleton. The decrease in c-adducin protein and mRNA levels following anillin knockdown (Fig. 6 ) is particularly intriguing since anillin has not been previously linked to the regulation of protein expression. Mechanisms of such regulation remain unknown although the nuclear localization and actin-binding ability of anillin suggest that it may modulate the activity of actin-dependent transcriptional machinery [72, 73] . Several recent studies demonstrated essential roles of adducin and spectrins in the assembly of the perijunctional actin cytoskeleton and AJ/TJ integrity in different experimental systems [53, 54, 56, [74] [75] [76] . Consequently, the observed disruption of the spectrin-adducin network is likely to be involved in junctional disassembly following anillin depletion. Although c-adducin knockdown recapitulated some effects of anillin depletion by impairing the integrity of epithelial junctions and organization of the perijunctional cytoskeleton (Suppl. Fig. 7) , downregulation of c-adducin alone cannot account for the AJ/TJ disassembly caused by anillin deficiency (Suppl. Fig. 8 ). This likely reflects a cross-talk between several mechanisms involving different elements of the membrane skeleton and the actin cytoskeleton. The abnormal aggregation of aspectrin could be particularly important because it creates a physical barrier interrupting trafficking of junctional proteins to the areas of cell-cell contact (Fig. 7) .
The present study identified a key signaling mechanism that mediates disassembly of epithelial junctions triggered by anillin depletion. This mechanism involves selective activation of JNK (Fig. 8 ) that appears to be responsible for the observed disorganization of the perijunctional actin cytoskeleton and the membrane skeleton, as well as for the disruption of AJ and TJ (Fig. 9) . Importantly, JNK inhibition specifically restored the integrity of epithelial junctions without rescuing other morphological alterations, such as enlargements and multinucleation of anillin-depleted epithelial cells (Figs. 8, 9 , and data not shown). This strongly suggests that AJ and TJ disassembly represents a specific consequence of anillin depletion, which is independent of defective cytokinesis. Our findings fittingly agree with the emerging role of JNK in the regulation of epithelial junctions [58, 62] . Thus, many environmental stimuli are known to disrupt AJ and TJ integrity via JNK activation, whereas inhibition of JNK signaling promotes junctional assembly and enhances epithelial barriers in vitro and in vivo [59, [77] [78] [79] [80] . JNK activation disrupts epithelial junctions via multiple mechanisms. These mechanisms include direct phosphorylation of b-catenin, impairing protein interactions at AJ [78, 79] , as well as altered expression of TJ proteins [81, 82] . Moreover, JNK reportedly regulates actin cytoskeleton dynamics and organization of the membrane skeleton. The former effect has been linked to JNK-dependent modulation of different actin-binding proteins, such as ezrin, drebrin, and filamin in epithelial cells [59, 77, 83] . The latter effect was manifested by JNK-dependent phosphorylation of adducins in tumor cells [84] , and disorganization of cortical a-spectrin in cardiomyocytes [85] . While our data strongly supports the role of JNK activation in AJ/TJ disassembly caused by anillin depletion, two key questions remain unanswered. One question is which molecular targets of activated JNK can mediate cytoskeletal reorganization and junctional disruption, while the other question is about the mechanisms of anillin-dependent regulation of JNK activity. Although anillin is known to interact with several signaling molecules including protein phosphatase 2A, citron kinase, CIN85 kinase adaptor, etc. [86] , there is no published data regarding its interactions with JNK or upstream regulators of the JNK signaling cascade. Future studies are warranted to answer these important questions. In conclusion, our study provides compelling evidence that anillin serves as an essential regulator of human epithelial barriers, which modulates JNK signaling to maintain the assembly of apical junctions, and proper organization of the perijunctional F-actin cytoskeleton and the cortical membrane skeleton.
